Background: We recently published the results of the PCI99 randomised trial comparing the effect of a prophylactic cranial irradiation (PCI) at 25 or 36 Gy on the incidence of brain metastases (BM) in 720 patients with limited small-cell lung cancer (SCLC). As concerns about neurotoxicity were a major issue surrounding PCI, we report here midterm and long-term repeated evaluation of neurocognitive functions and quality of life (QoL).
A previously published meta-analysis has shown that PCI reduced the lifetime risk of brain metastases (BM) (from 58.6% to 33.3% at 3 years) and improved survival (from 15.3% observed in the control group to 20.7%) [2, 3] . The reduction of BM incidence by itself is a great achievement as median survival does not exceed 5 months thereafter, and brain failure is correlated with neurocognitive decline and altered quality of life (QoL) [2, [4] [5] [6] [7] . As the meta-analysis also suggested that the risk of BM might be reduced with higher PCI doses, our study's goal was to evaluate the effect of PCI dose escalation comparing a total dose of 25 Gy with 36 Gy. This study showed no significant reduction in the total incidence of BM after higher dose PCI [hazard ratio (HR) = 0.80 (0.57-1.11), P = 0.18] and an unexpected significant increase in mortality [HR = 1.20 (1.00-1.44), P = 0.05] [8] . Due to concerns about the neurotoxicity of PCI, the trial also focused on long-term repeated evaluation of neurocognitive functions and QoL [9, 10] . The potential impact of PCI on QoL is a relevant issue and particularly challenging in this multi-institutional trial setting as few studies have been conducted using longitudinal designs. Patients completed self-report European Organisation for Research and Treatment of Cancer (EORTC) QoL questionnaires (QLQ-C30/BN20) [11, 12] . In addition, physicians' ratings of changes in functional and cognitive status were obtained using the EORTC-Radiation Therapy Oncology Group (RTOG) Late Effects Normal Tissue (LENT)-Subjective, Objective, Management, Analytic (SOMA) scale (LS scale) [13, 14] . Neuroimaging studies were also rated yearly to assess treatment-related radiological abnormalities. We report here the results of this analysis.
patients and methods
The trial modalities as well as patients' characteristics were previously detailed [8] . Briefly, the trial included patients with limited-stage SCLC in complete remission after chemotherapy and thoracic radiotherapy. Cerebral imaging had to be carried out during the month preceding randomisation with no evidence of metastases either on brain computed tomography (CT) or on magnetic resonance imaging (MRI). All patients were required to have a baseline evaluation before randomisation both for QoL and for clinical neurological assessment. They were randomised to a standard (25 Gy/10 daily fractions) or higher PCI total dose (36 Gy/18 once-daily or 24 twice-daily fractions). Chemotherapy or any antitumour agent administered during PCI was not permitted because of the risk of additional neurological toxicity.
The main end point was the incidence of BM. Secondary end points were survival, QoL and late sequelae.
Patients filled the QLQ-C30/BN20 questionnaires at 6 and 12 months and then yearly [11, 12] . The LS scale was used yearly to evaluate potential late sequelae from radiation (see Table 1 for grade definitions) [13, 14] . A brain CT scan or MRI was carried out yearly or before in case of neurological symptoms. It was recommended to always use the same imaging technique for a given patient.
outcomes
The QLQ-C30 includes 30 items combined to derive 15 scales according to the EORTC guidelines. In order to study neurocognitive functions evolution and to limit the number of end points, we focused on the five functional scales (physical, role, emotional, cognitive and social functioning) and the global health status/QoL. The EORTC BN20 includes 20 items combined to derive 11 scales. We focused on four symptom scales: visual disorder, motor dysfunction, communication deficit and weakness of legs. These 26 QLQ-C30/BN20 scales range from 0 to 100, with high scores corresponding to a healthy/high status for the global and functional scales but to a high level of symptoms for the symptom scales.
The LS scale was used by physicians to assess neuropsychological status. It has 14 items graded from normal (0) to worst (4) . It was a priori decided to focus on seven items: subjective signs (somnolence, intellectual deficit, functional competence and memory), objective signs (cognitive functions, mood and personality changes) and imaging (MRI and/or CT).
statistical methods
For each patient, a time series of QoL/LS forms was constituted excluding forms filled out after the occurrence of BM. Patients with no initial QoL/LS form were excluded as well as patients with only an initial QoL/LS form.
Since exact compliance to the QoL/LS schedules was rare, it was decided to allow a time window around each prespecified time: until the start of PCI for the baseline evaluation, within 62 months for the 6-month evaluation (QoL) and within 63 months for all subsequent evaluations (QoL/LS). In order to evaluate the compliance rate of the QoL/LS forms, the number of ([0-25] , , and ) and for LS the five raw values (0-4). These class variables can be modelled as a multinomial distribution or, more simply, as a binomial distribution with the event being all unfavourable classes ([0-75] for QoL functional scales, for QoL symptoms scales and ‡1 for LS).
We adopted a unified graphical presentation of the QoL/LS scales based on the above dichotomisation, plotting the percentages of patients with an unfavourable status (e.g. cognitive functioning <75, motor dysfunction ‡25 or intellectual deficit ‡1).
To evaluate the effect of increasing PCI dose on QoL/LS, each patient's repeated observations were regressed on treatment using a cumulative logit model adjusted on the baseline observation, age at randomisation and time. Interaction between treatment and time was also explored to study a possible delayed effect of higher PCI dose. Both trend and heterogeneity tests were used. Graphics and models were limited to the first 3 years because of insufficient data beyond.
After the main analysis, several sensitivity analyses were carried out. One sensitivity analysis was restricted to patients with forms in each window, i.e. initial plus 4 for QoL or initial plus 3 for LS forms ('restricted sample'). Another sensitivity analysis was carried out including all forms available whatever their delay, including also those beyond 3 years ('enlarged sample').
In all analyses, treatment refers to the allocated treatment. HR expresses the risk of 36 versus 25 Gy. All reported P-values are two sided, P-values <1% were considered significant in order to take into account the multiplicity of tests.
The EORTC SAS program was used to score the QLQ-C30/BN20 items. Analyses were carried out with SASÒ version 9.1.
This study was registered with the ClinicalTrials.gov number NCT00005062.
results
From September 1999 to December 2005, 720 patients, 360 in each arm, were enrolled. The median (range) follow-up was 39 months (0-89 months).
The availability of QoL/LS forms is given in Table 2 . At start, the compliance rate was good since >92% patients had an initial QoL/LS form. The compliance rate among survivors without BM decreased for the subsequent evaluations reaching 50% at 3 years. As the completion rate was <40% thereafter, it was decided to limit the analysis to the first 3 years.
As patients with no baseline QoL/LS form were excluded, as well as those with only an initial QoL/LS form, there remained 448 patients with a baseline QoL and at least one follow-up QoL and 322 patients with an initial LS and at least one followup LS. The sample size at each time is mentioned in the legend of Figure 1 for QoL and Figure 2 for LS; the rate of intermediate missing forms (i.e. missing form followed by an available form) was around 15%-20%.
The variation of the proportion of patients in an unfavourable status, as defined in the 'statistical methods' section, is represented in Figures 1 and 2 . For each selected scale, the evolution is presented by treatment and time. For instance, the proportions of patients with abnormal QoL-cognitive functioning (scale <75) at 0, 6, 12, 24 and 36 months are, respectively, 23%, 35%, 38%, 41% and 35% in the 25-Gy group and 25%, 34%, 41%, 46% and 47% in the 36-Gy group. For LS-intellectual deficit, the proportions of patients with abnormal status at baseline, 12, 24 and 36 months are, respectively, 10%, 12%, 20% and 27% in the 25-Gy group and 9%, 20%, 28% and 34% in the 36-Gy group. As can be seen on the histogram, only one case of complete loss of reasoning was reported (24 months 36 Gy). Overall, the majority of patients have minor or moderate complaints (<14% with the worst QoL status and <6% with grade 3 or 4 LS).
Using the binomial logit model, there was no significant difference between PCI dose groups in any of the 17 QoL/LS selected scales (all P-values >0.02). Interactions between treatment and time were also all not significant. The QoL/LS results did not change using a multinomial model. The P-value for intellectual deficit just reached P = 0.01 with an HR = 1.9.
Using the 'restricted sample' of 60 patients for whom all five QoL are available, the multinomial analysis gives the same results concerning treatment effect. With the 'restricted sample' of 68, for whom all four LS are available, the multinomial analysis gives the same results regarding original article Annals of Oncology treatment effect except for memory that shows heterogeneity with time, i.e. more memory deficit in the 36-Gy arm (heterogeneity P = 0.008 and trend P = 0.05 with a treatment effect restricted to 2 years). Using the 'enlarged sample' including all forms whatever the time, the multinomial analysis gives the same results concerning treatment effect except for emotional functioning that shows an interaction of treatment with time (trend P = 0.004, heterogeneity P = 0.0009) and for weakness of legs (trend P = 0.01, heterogeneity P = 0.12).
Four QoL/LS scales worsen with time after randomisation (communication deficit: HR = 1.40, P = 0.005; weakness of legs: HR = 1.31, P = 0.004; intellectual deficit: HR = 1.53, P = 0.003; LS-memory: HR = 1.43, P = 0.001), and four scales worsen with age considering age at baseline (physical functioning: HR = 1.04, P = 0.0007; motor dysfunction: HR = 1.03, P = 0.01; Figure 1 , but only two patients developed a grade 4 memory deficit (at 24 months). There was no significant interaction between time and age, i.e. the effect of time did not vary between younger (£60 years) and older patients (all P-values >0.08).
As seen in Table 3 , there were more patients followed up with yearly brain CT scan (76% at baseline to 54% in year 3) than with MRI. The percentage of abnormalities is higher in MRI as it is a more sensitive exam. Most abnormalities observed concerned grade 1 changes; there were few grade 2 changes and no grade 3 or 4 changes. There is some relationship between radiological and neurological abnormalities: among the six grade 2 radiological abnormalities, we could observe 50%, 33% and 33% grade 2 or more intellectual, memory and cognitive deficits as compared with 5%, 6% and 5% among grade 0 or 1 radiological imaging (all P-values <0.04).
discussion
As our trial addressed PCI dose escalation from 25 to 36 Gy, in patients with limited SCLC who were potentially long-term survivors, the purpose of the QoL and neurological follow-up was to detect any deterioration that could be linked to radiation dose. Thus, we prospectively collected this information from both the patients' and the clinicians' standpoint. Our trial shows that there was no significant difference between the two PCI dose groups in any of the QoL and neurological and cognitive functions QoL/LS selected scales. Since in the 36-Gy group, compared with the 25-Gy group, there was no significant reduction in the total BM incidence but a significant unexpected increase in overall mortality, the discussion will not focus on the PCI dose effect but rather on the different factors that may influence QoL/LS: PCI per se, time, baseline and age.
In this trial, the effect of PCI per se cannot be evaluated since all patients were allocated to PCI. The potential neurotoxicity of PCI is well known; however, there are few studies that have addressed it prospectively [2, 15, 16] . Confounding factors such as fatigue and depression, as well as divergent patient experiences, have made studying the neurocognitive sequelae of cancer treatment problematic. As there are difficulties in conducting sophisticated neuropsychological evaluations in the context of a large international clinical trial, we decided to assess cognitive functions and QoL in the whole population by patients' self-report with the QoL questionnaires and physicians' ratings with the EORTC-RTOG LS scale. Selection bias can be introduced by specific external neuropsychological assessments that are considered more objective [17] . However, it should be outlined that all North American patients included in our trial within the RTOG 0212 also underwent objective neuropsychological test batteries, soon to be published [18] . As described in retrospective studies, the patterns of neurocognitive impairments may include decline or loss of memory, attention, learning and executive functions, sometimes severe enough to meet the definition of dementia [19] . Seldom motor manifestations may be observed such as original article Annals of Oncology gait impairment or apraxia. In our trial, of 720 patients, one case of dementia and no case of apraxia were reported. Alzheimer's disease, the most common cause of dementia affects 4%-6% of Western populations aged >60 years [20] . Most studies that have reported neurological and intellectual impairment or abnormalities on brain CT scan potentially related to PCI were small and retrospective [21] [22] [23] . They have suggested that the concomitant use of cytotoxic drugs and the use of fractions ‡3 Gy should be avoided in order to lessen the risk of toxicity [16, 24, 25] .
In our trial, many patients experienced a mild cognitive decline over time, but only few developed severe deterioration of QoL or neurological and cognitive functions, in the 3 years following PCI. This decline over time was significant for four items including intellectual deficit and memory. At 3 years, if the majority of patients had no intellectual deficit, 25% of patients had a grade 1 deficit and 5% had a grade 2 deficit or more. LS memory decline at 3 years was more frequent with grade 1 deficit observed in 44% and grade 2 deficit or more in 8% of patients.
When documented, baseline evaluations of neurological and/ or neurocognitive functions are impaired before PCI in most SCLC patients [10, [24] [25] [26] , and this has been confirmed in two prospective studies [2, 15] . In our study, the proportion of abnormal baseline LS evaluations varied from 0% to 27%, depending on the item, but only very few patients had grade ‡2. Clinicians found memory and cognitive deficits (grade ‡1) in 17% and 12% of patients, respectively.
Concerning baseline imaging, as shown on Table 3 , the CT scans or MRI were considered normal in 94% of patients with a higher rate of abnormalities detected with MRI as expected since MRI is superior to CT scan for diagnosis of BM and white matter modifications [27] [28] [29] . As for QoL, the proportion of patients with baseline unfavourable QoL status varied according to the studied item from 6% (communication deficit) to 62% (global health status). Baseline evaluations unavailable in most studies are important since many factors aside PCI may impact neurocognitive and neuropsychological functions, such as clinical characteristics of the patient (effects of chronic tobacco use, diabetes, age, vascular risk factors, depression or anxiety), the disease process itself (paraneoplastic syndromes and undiagnosed micrometastases) and other treatment effects (neurotoxicity related to chemotherapy) [24, 29, 30] . Delivering PCI to patients with epilepsy needing oral treatment should be discussed as one patient in our trial died of generalised seizures after PCI [8] .
Our study confirms the importance of age as a cofactor of neurocognitive decline. Unsurprisingly, items such as physical functioning, motor dysfunction, LS memory and MRI and/or CT abnormalities worsen with age, in older compared with younger patients. Age >60 to 65 years is a risk factor for neurocognitive impairment and poorer neurobehavioral outcome for elderly patients after cerebral irradiation has been observed [19, 28, 29] . Therefore, age has to be considered in the decision to deliver PCI.
Concerning the availability of baseline and follow-up brain MRI and CT ratings of radiological abnormalities, which is one of the strengths of our study, we found some relationship between radiological and neurological abnormalities. Whether radiation-induced white matter injury correlates with any change in neurocognitive symptoms varies across studies probably because of the variety of imaging modalities used [28, 29] .
As BM can cause considerable deterioration in QoL and neurocognitive function [31] , we decided to limit the analysis to QoL and neurological evaluation before BM occurrence and censored patients who developed BM from further analysis. Our study differs from the EORTC study on PCI in metastatic SCLC patients where all QoL data were included whatever the patient's evolution [32] .
As is commonly the case in all studies evaluating QoL, our study is also hampered by the decreasing patient compliance throughout time [33] . Missing data may be due to various reasons: worsening condition from progressive extracranial disease but also quite frequently logistical problems to fill up Figure 2b . As an example for clearer visualisation, the LS memory figure has been enlarged, and the percentages of patients with normal and unfavourable status (grade 1, 2, 3 and 4) are specified in the table.
original article Annals of Oncology questionnaires as few centres have research nurses dedicated to QoL. Some fit patients may refuse to fill up the same questionnaire every year! The missing rate of QoL forms among potential compliers increased from 7% at baseline to 32% at 1 year and to 50% at 3 years. Although important, this is similar or slightly better than in other studies [15, 32] . With LS, missing rates varied from 6% at baseline to 29% at 1 year and to 46% at 3 years. In order to investigate the possible impact of missing data on the analysis, we introduced patterns of censoring depending on the timing of the last available data. We did not find any variation neither for QoL nor for LS.
In conclusion, we did not observe any significant difference in terms of QoL and LS evaluation between patients allocated to 25-Gy or 36-Gy PCI. Few patients had severe deterioration of neuropsychological and cognitive functions over the first 3 years. However, as the median survival rate in our population study was 19 months, mild deterioration of some items such as memory, intellectual deficit and cognitive functions possibly related to PCI should be balanced by considering the beneficial effects of PCI on survival and incidence of BM. Taking into account the overall results of this trial, PCI with a total dose of 25 Gy in 10 fractions remains the standard of care in limitedstage SCLC. 
